Abstract Extreme flood events have been and continue to be one of the most important natural hazards responsible for deaths and economic losses. Extreme floods result in direct destructive effects during the time of the event, and they also may be followed by a related chain of indirect calamities such as famines and epidemics that produce additional damages and suffering. Extreme hydrological events that have occurred in the historical past may also occur in the future. Knowledge about magnitudes and recurrence frequencies of past extreme hydrological events in most regions are too short to adequately evaluate potential magnitudes and recurrence frequencies of extreme hydrological events. Stationary climate in which the mean and variance do not change over time is a basic underlying assumption of standard methodological procedures for estimating recurrence probabilities of extreme hydrological events. Palaeo-archives contained in river and lake sediments, fossil plant and animal matter, ice layers, and otJier natural archives show that the assumption of stationary climate is not valid when the time scale is extended beyond centuries and millennia. Records of past extreme floods that occurred long before the period of instrumentation can be reconstructed from the distribution of slackwater flood deposits or from derivation of water depths competent to transport the largest rocks found in flood deposited sediment. Palaeoflood records reconstructed from the Upper Mississippi and Lower Colorado River systems in the United States confirm nonstationary behaviour of the mean and variance in hydrological time series. These stratigraphie records have shown that even very modest climatic changes have resulted in very important changes in the magnitudes and recurrence frequencies of extreme floods. A close relationship was found between the palaeo-flood record of extreme floods in the Upper Mississippi River system and a palaeo-record of stable isotopes of oxygen and carbon preserved in speleothem calcite from a local cave. The relationship suggests that isotopic records elsewhere might be calibrated to provide insight about how future potential climate changes might impact extreme flood magnitudes and recurrence frequencies there. Atmospheric global circulation models (GCMs) mainly simulate average climatic conditions and are presently inadequate sources of information about how future climate changes might be represented at the extreme event scale. Palaeo-flood archives, however, provide basic information about how magnitudes and recurrence frequencies of extreme hydrological events responded to past climate changes and they also provide a reference base against which GCM simulations can be calibrated regionally and be better interpreted to decipher hydrological information at the extreme event scale. 
INTRODUCTION
Extreme hydrological events represent a focus of considerable interest in hydrology because such events have the potential to cause considerable harm to human populations and their related activities. From the beginning of their existence, humans have suffered from having too little or too much water at particular places and times. In the present century an additional problem involving dirty water has emerged. Having water directly unusable because of pollution effectively reduces already scarce water resources in many areas.
As noted in , there is no objective and precise definition of floods and droughts commonly accepted. It is difficult to provide a precise definition for what can be regarded as a "flood event" or as a "non-flood event". One obvious basis for definition is to assign arbitrary thresholds of flow amplitude that identify floods and low flows in such a way that crossing these thresholds (upcrossing of a flood threshold and down-crossing of a low-flow threshold) is understood as the onset of an extreme hydrological event. The thresholds could be chosen either on the basis of hydrological parameters related to flow frequency or in relationship to such levels that crossing them leads to significant economic losses. Often the notion of flood is used in combination with a recurrence interval such as, for instance, a 100-year flood, i.e. a flow magnitude being exceeded, on the average, in one year in a century. These and other levels associated with different recurrence intervals lend themselves well as reference thresholds for flood studies.
Extreme floods and droughts have caused and continue to cause high tolls in deaths and economic losses. Floods are more spectacular as they are short lasting and violent. The highly visible direct destructive effect of floods may be followed by a chain of secondary, indirect calamities including famine, epidemics, and fire that cause concerned populations additional suffering. There have been floods during historical times that have resulted in death tolls of several hundred thousand human beings (for example, 900 000 and about 500 000 deaths in the catastrophic floods in China in 1887 and 1939, respectively) . Present-day floods do not take such high tolls in the number of lives because of modern systems of advanced warning, but presentday floods continue to cause very high economic losses. Losses associated with the record breaking Mississippi River flood in 1993 are estimated to be in exceedance of US$10 billion (Tobin & Montz, 1994) .
Some common flood components that are routinely considered when evaluating environmental impacts from floods include: runoff volume, peak discharge magnitude, flood stage elevation, time distribution of runoff, area inundated, and flow velocities (Dunne & Leopold, 1978) . Collectively, these variables provide information necessary for the management of flood control works, water supply, irrigation, land use policy and zoning, as well as many other factors that relate to the storage and routing of flood waters through channels, flood plains, and reservoirs of the watershed system.
The maximum flood discharge and its exceedance probability are the commonly used parameters for describing the process of threshold crossings. The maximum peak discharge is a basic parameter for designing spillways, bridges, and flood relief channels. However, other flood characteristics, as previously noted, are of direct importance in other applications. For example, information about probable or possible maximum flood stage elevations and flood durations are of critical concern for levee designs, and for specifying areas of probable inundation by flood waters during time of maximum stage. In turn, predicted stage heights and extent of expected inundation are important in planning for evacuation and loss assessment. Understanding the probable limits of flood magnitudes and recurrence frequencies also is an important part of environmental planning. For example, knowledge of past flood histories provides a critical information base for choosing between flood protection alternatives including structural measures such as storage reservoirs, levees, channel and flood plains modifications etc. vs non-structural measures such as improved flood forecasting, insurance, proofing, etc.
WHY DO WE NEED TO KNOW PAST EXTREME EVENTS?
Many human catastrophes are associated with extreme natural events. What has happened in the past can, and probably will, happen again in the future. Therefore, knowledge about the characteristics of extreme hydrological events is valuable for siting, planning, and designing numerous objects within the human infrastructure. Furthermore, because the memories of experiences of the living human population are short term and because historical instrumental records at most locations are also short term, there is a tendency to perceive incorrectly even moderate magnitude and relatively high recurrence frequency natural events as more rare and extreme than they are. For example, the great flood of 1993 on the Mississippi River at St. Louis, Missouri, USA was generally perceived by local inhabitants and the media as an exceptionally rare event, but historical data show at least six floods of nearly the same size occurred there since the 1780s with the most recent large flood having occurred only twenty years previously (Bhowmik et al., 1994; Chin et al., 1975) . A careful study of the characteristics of past events can significantly improve the degree of preparedness for hydrological extreme events such as floods and droughts.
Historical instrumental records of extreme hydrological events for most regions are typically shorter than desired for a thorough assessment of potential magnitudes and recurrence frequencies. Short duration records not only weaken the theoretical background of design, planning and management, but they also limit the ability to test scientific theories that describe connecting linkages between climatic change and hydrological systems.
Standard practice in planning and design for flood and drought protection, and in siting and dimensioning water projects, typically involves the assumption of a stable and stationary climate. The stationarity assumption requires that the mean and variance of climatic conditions do not change over time. If a shift in either or both the mean and variance should occur in the future, then the recurrence probabilities for hydrological events of a specified magnitude will no longer be correctly specified. A change in the variance (heteroscedascity) can be quite important even if the mean state does not change. This can be illustrated by the direct influence of nonstationary variance of runoff on reservoir design. However, even if the assumption of stationary conditions holds, the length of available instrumental data may not be adequate to represent correctly the mean and variance over the long term. Too often the background information for a costly investment stems from a meagre few years, or a few decades at best, of relevant hydrological observations. Predicting the magnitude of a 100-year flood (e.g. for dam design) based on five years of data is definitely improper. Yet, in modern highly risk-averse societies, design recurrence intervals of 30 000 years or more are at stake when planning very large dams or cooling systems of nuclear power plants. As reported by Klemes (1986) , even a request for the determination of a 1 000 000-year flood has been made. Estimation of such extreme probability events involves enormous extrapolations based on statistical variability observed in existing instrumental records. Because event magnitudes predicted in the tail regions of probability density distributions (pdfs) may vary significantly from one distribution to another, the choice of a pdf (from a set of distributions, none of which has a physical basis) has major consequences. The characteristics of extreme hydrological events used in design and planning have therefore largely a public-relations flavour rather than being rigorous and theoretically sound accurate values.
However, in the light of geological evidence indicating that major climatic changes have occurred over time scales involving thousands of years and longer, it is evident that the stationarity assumption and the procedures of long-term extrapolation based only on a relatively short instrumental record are likely to be erroneous. The idea that stationarity is unlikely to be maintained over long periods is further substantiated by the records of climatic disasters and anomalies in ancient Chinese documents. Fang (1992) found that frequencies of floods, droughts, cold years, and warm years commonly displayed abrupt temporal changes in recurrence frequency. He attributed much of the abrupt changes to climatic causes, but he noted that some of the change toward increasing floods during the past 2000 years was related to vegetation destruction and soil erosion associated with agricultural development. Starkel (1987) concluded that human activity accelerated runoff and sediment yields as early as about 10 500 years ago in steppe regions while many forested regions were similarly affected about 6800 years ago. Although extreme floods tend to be less sensitive to land use than moderate to small magnitude floods, it is clear that human impacts on hydrological systems can also be a cause of nonstationarity of the mean and variance of flood records.
The palaeo-archives of the Earth, contained in stratigraphie records of sediments, fossil plant and animal matter, ice layers, and other materials, indicate that climate and water resources have never been stationary over a long time interval (geological scales), even without anthropogenic impacts (Wohl & Enzel, 1995) . As recently demonstrated by Greenland Ice-core Project Members (1993), several very rapid shifts of climate with mean temperature changes of up to 10°C in as little as a couple of decades took place in the previous interglacial period (known as Eemian), which was previously believed to have had a stable climate. The high (decadal scale) resolution of past climates from the central Greenland Summit ice core, was made possible by analyses of stable isotope ratios, chemical and physical properties, and greenhouse gas concentrations in trapped air bubbles contained in annual ice layers.
Extension of the instrumental data base is much needed so proxy data and palaeoinformation are of increasing interest in hydrology and water resources planning and management to augment existing hydrological records. Evidence of historical flood peaks which reflect the frequency of large and extreme floods is therefore being sought. Wohl & Enzel (1995) summarize methods for reconstructing river flows into five divisions that include: (1) nonsystematic historical records typically represented by high water marks; (2) regime-based methods using properties of channels or drainage networks; (3) palaeo-competence methods which relate characteristics of channel sediments to flow parameters; (4) geobotanic methods which employ characteristics of vegetation along a channel or flood plain; and (5) palaeo-stage indicators such as slackwater deposits or silt lines. Reconstructing long records of extreme floods has been mainly achieved by the application of palaeo-competence and palaeo-stage methodologies.
EXPLORING PALAEO-FLOOD ARCHIVES OF EXTREME EVENTS
Two late-Holocene records of large flood events provide example applications of the palaeo-competence and palaeo-stage methods that illustrate how extreme flood occurrences can be episodic and highly sensitive to even modest climatic changes (Knox, 1993; Ely et al., 1993) . The illustration of the palaeo-competence method uses tributaries of the upper Mississippi River in the north-central United States, and their records have been described in greater detail by Knox (1993) . The 7000 years flood records for the upper Mississippi River tributaries were compiled by computing the minimum depths of flood water necessary to have transported the coarsest sediment particles found in cobble and boulder gravels deposited by former large overbank floods and now buried in overbank floodplain alluvium. The depths of water competent to transport the relict flood deposits were estimated using an empirically derived hydraulic equation that, when calibrated on modern data, explained 74% of the variance and was statistically significant at the 0.0001 probability level. The equation expresses competent flood depth as a function of the mean intermediate axis of the coarsest five particles in a relict flood gravel and the palaeo-flood energy gradient approximated by the slope of the floodplain surface containing the relict gravels (Knox, 1993) . Ages for relict floods were determined either by radiocarbon dating of the organic materials found in the flood gravels or by dating the deposits that stratigraphically bracket the flood gravels.
The reconstructed record of approximately 70 large overbank floods that occurred on upper Mississippi River tributaries, mainly in southwestern Wisconsin, during the past 7000 years shows very clearly that both the mean and variance of the data have been subject to abrupt changes over time (Fig. 1) . Note that the depths of relict floods shown on Fig. 1 are expressed as a ratio to their respective bankfull stage depth at the site to facilitate plotting all floods on a single graph. The bankfull stage is defined as the flood depth that corresponds approximately with a flood event having a recurrence probability of one to two years. The bankfull stage also tends to correspond with the top of lateral accretion sedimentation as illustrated by point bar deposits. Since ratios of flood depths to bankfull stage depths for rivers with alluvial floodplains are known to vary systematically with flood recurrence probabilities Knox (1993) based on water depths required for competence to transport the largest boulders and cobbles found in the relict flood deposits. (Dunne & Leopold, 1978) , the Fig. 1 arrangement allows for the interpretation of computed relict flood depths in relation to recurrence intervals of modern floods of similar depths. For example, in the upper Mississippi River system represented in Fig. 1 , a flood depth ratio of 2 implies a water stage above the channel bed that is twice the modern bankfull channel depth. The regional overbank floods with flood depth ratios of about 2 are expected as frequently as once in 30-50 years, whereas floods with depth ratios of about 3 are expected to recur only about once in 500 years or longer under modern conditions (Fig. 1) .
The most striking example of nonstationarity in the upper Mississippi River system record occurs about 3300 years ago when an abrupt shift from a 2000 year episode characterized by small floods is suddenly replaced a new hydrological regime of large floods. The small floods of the period between about 5500 and 3300 years ago generally did not exceed magnitudes of modern floods expected to recur as frequently as once in 50 years ( Fig. 1) . Climate change is presumed to be the cause of the change in flooding behaviour because there is no evidence of human influence or from other natural environmental causes. Climate change also is suggested as the principal cause because analyses by others show that the period of small floods here corresponded with mean annual precipitation about 15% less than modern rates and July temperature about 0.5°C warmer than before or after (Winkler et al., 1986; Bartlein et al., 1984) . These climatic changes were apparently associated with changes in hemispheric patterns of atmospheric circulation responsible for the low incidence of large summer floods. Fossil proxy climate data indicate that between about 4000 and 3000 years ago a shift to cooler wetter conditions occurred with annual precipitation gradually increasing by about 16% to its modern value but with mean annual temperature first decreasing by about 0.7°C and then increasing gradually by about 0.4°C. Further evidence that climatic change is the driving force behind the abrupt changes in flood magnitudes is indicated by palaeo-records of the oxygen and carbon isotopic composition of speleofhem calcite from a cave in the local region (Dorale et al., 1992; Baker et al, 1996) . The isotopic record indicates that major changes occurred about 5900 and 3300 years ago. Dorale et al. (1992) and revisions by Baker et al. (1996) using oxygen isotopic ratios suggest that the climate warmed rapidly by about 1.5°C about 5900 years ago and then cooled abruptly about 3300 years ago when savanna vegetation replaced prairie. Allowing for differences in dating methodology and control, the major discontinuities in the isotopic record agree rather closely with the discontinuities at 5500 and 3300 years ago in the record of large overbank floods (Fig. 1) . It is important to recognize that changes in mean temperature and seasonal precipitation were not the direct causes of the changes in recurrence frequencies of the extreme floods. However, the changes in mean conditions are symbolic of changes in air mass boundaries and trajectories of storm tracks that favour either the enhancement or suppression of extreme hydrological events. In this way persistent departures from long-term average climatic conditions can be expected to be reflected in the record of extreme hydrological events. Note on Fig. 1, for example , that between about 700 and 500 years ago, during a period of cooling climate leading into the Little Ice Age, the frequency and magnitude of large overbank floods on the upper Mississippi River tributaries was anomalously high.
Use of slackwater deposits as palaeo-stage indicators of past floods is the other most commonly practiced method of compiling a long-term history of extreme floods. Slackwater sediments typically are relatively fine-grained deposits that accumulate as sediment falls from suspension in areas of slowed flow velocities. An extensive discussion of the methodology and its limitations has been presented by Kochel & Baker (1988) . Common sites for slackwater deposition include: tributary mouths, depressions and cavities in bedrock canyon walls, downstream margins of valley obstructions and other features that associate with flow separation in velocity streamlines. Palaeo-stage heights of floods are indicated by tracing slackwater sediments to their highest vertical extent. Kochel & Baker (1988) found that slackwater flood sediments commonly occur in stacked individually fining-upward sequences that may display abrupt grain size and mineralogical changes between units. Ely et al. (1993) have used slackwater sediments to reconstruct a 5000-year record of floods in the Colorado River system of southwestern United States (Fig. 2) . They found, as in the long-term record of the upper Mississippi River system, that nonstationarity of the mean and variance characterized the record of extreme flood occurrences. Their results show that large floods cluster into distinct times that coincide with the prevalence of cool, moist climate and frequent El Nino events, and that large floods were concentrated between about 5700-3800 years ago and since about 2100 years ago. Large floods were extremely rare or absent for the period between about 3800 and 2100 years ago (Fig. 2) . The apparent dramatic increase in frequency of large floods in the last 500 years may partially reflect a tendency for the stratigraphie record to be more available and better preserved with decreasing age, although Ely et al. (1993) concluded that the pattern shown on result in large differences in magnitudes and recurrence frequencies of extreme floods. These records also emphasize the importance of long-term perspectives because short records, such as represented by the period of instrumentation, often fail to capture the range of possible hydrological extremes. Long-term geological records of extreme hydrological events also provide a useful baseline for judging regional responses to global-scale climatic changes. Regional responses to global warming or global cooling can be very different because causal factors responsible for extreme floods vary regionally. An illustration of this principle is evident when comparing the flood chronologies shown on Figs 1 and 2. Note that the period of frequent large floods between about 5700 and 3800 years ago in the southwestern United States corresponds in time approximately with the north-central United States flood episode between about 5500 and 3300 years ago when few floods exceeded the magnitude of a relatively modest flood of 50-year recurrence probability. The relationship suggests that hemispheric circulation regimes that were responsible for the enhancement of extreme flood occurrences in the southwest United States also were responsible for suppression of extreme flood occurrences in the northern midwest United States.
As previously noted, the examples of post-glacial variations in floods from middle latitude watersheds in the United States show that very significant changes in magnitudes and recurrence frequencies of extreme events can be expected even from relatively modest climatic changes. The long history of Nile River extreme floods indicates that the tropical and subtropical latitudes behave in similar fashion. For example, by about 10 000 years ago, when most large-scale vegetation communities were beginning to approach their modern locations, the seasonal cycle of radiation in the Northern Hemisphere was reaching a relative post-glacial maximum of about 8% more than today in response to the Milankovitch cycle of precession of the Earth's axis (Kutzbach, 1981) . The increased warming over the Northern Hemisphere continents apparently accelerated summer monsoonal circulation in North Africa and increased rainfall on the Equatorial Lake Plateau in East Africa. The resulting early post-glacial dominance of the Nile River by high stage flows and frequent extreme floods cleared the White Nile of dunes which had choked its course during the aridity of the last glacial maximum. These flows apparently degraded the Nubian Nile by about 30 m (Said, 1993) . Said (1993) suggests that the postglacial history of Nile flows can be divided into a period of high flows that dominated before 2400 BC (about 4400 years ago) and a period of low flows that have dominated since then, although each of these episodes was characterized by shorter term flood episodes associated with changes in climatic wetness and dryness. Noteworthy of the shorter term variation in the Nile records is a 110 year period in the apparent globally cool 14th and 15th centuries AD when exceptionally high magnitude floods occurred, while the apparent globally warm 10th, 11th, and 20th centuries are characterized by exceptionally small floods (Said, 1993) .
EXPLORING PALAEO-ISOTOPES AS A SOURCE OF PALAEO-HYDROLOGICAL INFORMATION
A basic insight into reconstructions of the past climate is gathered by the study of stable isotope composition (e.g. oxygen-18, hydrogen-2) of past precipitation.
Analysis of deep ice cores or laminar lake deposits proved the an ability to reconstruct past climates, the behaviour of the water cycle and its links with climate change, with improving resolution and reliability. Baseline data collected since 1961 by the IAEA/WMO Global Network "Isotopes in Precipitation" (GNIP), has made it possible to determine significant relationships between the isotope compositions of precipitated water and surface air temperature, as well as relationships between the amount of rainfall and prevailing atmospheric circulation patterns. However, these relationships have been mostly developed to explain associations between hydrological and climatological variables measured at the mean annual scale rather than developing an understanding of individual occurrences of extreme events.
It remains an open question as to how these methods are applicable to studies of hydrological extremes. If, in the mean sense, a wetter and colder climatic period can be detected some time in the past, it may be possible to reconstruct flood characteristics indirectly, assuming, for instance, an annual distribution of precipitation equal to the present one. Unfortunately there is little long-term data where the history of large floods can be matched against temporally equivalent isotopic records to determine properly if the isotopic record can be calibrated to provide a useful proxy measure of hydrological extreme events. However, the analysis by Dorale et al. (1992) and Baker et al. (1996) of the oxygen and carbon isotopic composition of speleothem calcite in a northeast Iowa cave showed that local climatic history of the past 8000 years can be divided into three distinct stages that are separated by abrupt change, and that these stages tend to correspond closely with the 7000 year history of large floods in the region as noted previously above. For example, Dorale et al. (1992) and Baker et al. (1996) note that between about 7800 and 5700 years ago 8
18 0 values average about 24.76%c, but at the beginning of stage 2 about 5700 years ago, 8
18 0 values rose abruptly to an average value of 25.81 %>. They found that values of 8 18 0 remained close to the stage 2 average value until about 3300 years ago (the beginning of stage 3) when ô 18 0 dropped abruptly to an average of 24.14%o. Dorale et al. (1992) and revisions by Baker et al. (1996) indicated that the middle postglacial isotopic stage 2 excursion represented a mean annual temperature warming of about 1.5°C from stage 1 conditions, and that the isotopic stage 3 recovery represented an abrupt drop in mean annual temperature from stage 2. Dorale et al. (1992) and Baker et al. (1996) attributed the large temperature changes to postglacial adjustments in air mass boundaries because the speleothem sampling site is located on a prairie-forest ecotone known also to be associated with seasonal air mass boundaries. It is noteworthy that the isotopic stage 2 excursion indicative of warming matches rather closely with the fluvial episode when low frequency extreme floods were of very small magnitude in the upper Mississippi Valley (Fig. 1) . The sample record of former large overbank floods for the period corresponding with isotopic stage 2 shows that maximum flood magnitudes were about the size of the modern equivalent 50-year flood or smaller. The cooler climate episode of isotope stage 3 beginning about 3300 years ago, on the other hand, corresponds closely with a period in which extreme floods of modern 500-year return frequency are common (Fig. 1) . These associations suggest that the proxy record ®f temperature represented in the palaeo-isotopic record might also be calibrated to provide a proxy record of large flood events because the isotopic record is sensitive to air mass characteristics. Air mass dominance reflects not only potential precipitable water vapour content, but it also is indicative of large scale trajectories of atmospheric circulation and storm track positions. These climatic variables have strong influences on flood magnitudes and their recurrence frequencies.
Isotopic indices of annual precipitation and mean temperature of remote past periods also can help decipher the properties of droughts. If the yearly rainfall total in a period of interest was lower than at present and the temperature higher, droughts were more likely to occur and some quantitative assessments can be made.
CLIMATE CHANGE AND EXTREME EVENTS: LOOK INTO THE FUTURE
The recent interest in climate change builds upon the observation that human interventions in the natural fluxes of energy, in the last century, attained dimensions which significantly altered the natural regime. The ratios of components of energy fluxes have changed at the global scale. Increased combustion of fossil fuels, deforestation and production of some synthetic compounds have caused a rise of concentration of "greenhouse" gases in the atmosphere resulting in a warm-up effect. As the climate and water systems are interwoven, it may be expected that the warming effect may influence the dynamics of the hydrological cycle (Rind, 1988; Gleick, 1989) Atmospheric global circulation models provide a general understanding of probable directions of climatic and hydrological change, but they emphasize average conditions. These models to date generally have been inadequate sources of information about how future climate changes might be represented at the "event" scale. In particular they are especially poor at representing expectations of extreme events. Recent results from climate simulations of global warming in association with increased atmospheric loading with greenhouse gases, while indicating that temperature variability can be expected to decrease, also indicate that the proportion of precipitation occurring in extreme events can be expected to increase (Karl et al., 1995) . The occurrence or non-occurrence of natural events in the statistical "tails" of frequency distributions is of critical importance because economic impact and other potential negative impacts on human life tend to increase exponentially as the magnitude of a natural event deviates from the average.
Disaggregating results of general atmospheric circulation models into smaller hydrologically-relevant areas may produce results largely dependent on the choice of a particular GCM. McCabe & Wollock (1992) analysed the moisture conditions in the Delaware River basin, based on different GCM simulations of possible climatic change scenarios. One GCM predicted a drop in precipitation by 46 mm, whereas another GCM predicted a rise in precipitation by 143.9 mm. This sort of uncertainty may even become amplified when translated into runoff analyses. In another study of GCM model predictions for 18 major United States watersheds, Knox (1990) found that results from three commonly used GCM models indicated both agreement and disagreement at the large watershed scale. On the assumption of a doubling of CO,, however, there was a general tendency for most middle latitude US watersheds to experience warming and a relatively modest average increase in annual runoff of about 21 mm per year, but with a sample standard deviation of about 60 mm. The large standard deviation reflects the substantial difference in monthly watershed precipitation predicted by the different models. Not surprisingly, with predicted higher mean temperatures and only modest increases in predicted precipitation, a net decrease of about 0.4 mm per year runoff was predicted for the average of the three models. The sample standard deviation for predicted annual runoff was 32 mm, again reflective of the large differences in predicted monthly runoff between the models. While ongoing research by climate modellers suggests that the magnitudes of warming suggested by first generation GCM models probably need to be scaled back somewhat, the models nevertheless clearly illustrate that the average hydrological cycle is highly sensitive to even a modest climate change. The sensitivity of hydrological extreme events such as floods and droughts, however, is not presently captured in GCM models. The palaeo-record of extreme hydrological events therefore is not only important as a source of basic information regarding how extreme natural events responded to past climate changes, but also is critical information for the calibration of GCM and other regional climate models as their technology and capabilities improve in the future.
What could be the climate change consequences on extreme hydrological events? Although much scientific effort has been dedicated to studying this issue, there are still strong uncertainties in the results. Scientists keep looking for greenhouse signatures in long series of observed hydrological records. However, no general and unambiguous message relevant to flow data can be asserted yet. Figure 3 presents a long time series of flows of the River Warta, in Poznan, Poland (annual mimima, means and maxima). It is clear that strong natural variability dominates in this time series and that no clear and unambigous greenhouse component may be distinguished. Karl et al. (1995) analyses of amounts of annual and seasonal precipi- tation delivered in extreme events during recent years of global warming show a significant increase in the proportion of precipitation derived from extreme precipitation over the USA, but they did not find such trends over the former Soviet Union and China. No persuading and scientifically meaningful evidence of a changed regime of floods and low flows and droughts has yet been found. However, in past assessments the following conclusions are frequently offered:
(1) In middle latitudes of the Northern Hemisphere the winter precipitation is likely to increase and may fall more as rain rather than snow. Thus a risk of increased winter floods arises. Lower water storage in the snow pack and earlier snowmelt may cause reduced spring streamflow. (2) Prophecies of an increase in the intensity and severity of a pronounced drought summer period are also quite frequent. Higher temperatures will cause higher évapotranspiration which, in turn, would outweigh the increase in precipitation (3) There is a common belief that climatic changes may have a stronger effect on extremes than on mean values of hydrological variables. Extreme events observed recently are increasingly taken as manifestations of such an effect.
CONCLUSION
In summary, available historical and proxy data on extreme floods imply quite clearly that the recurrence frequencies and geographical distributions of these events are highly sensitive to changes in large-scale atmospheric and oceanic circulation regimes. Currently available historical and proxy data on extreme floods are too limited, both with regard to length of records and to geographical locations, to test adequately important hypothesized climate-flood relationships. A few immediate questions come about. Is it possible to recognize globally synchronous episodes of extreme hydrological events for historical and post-glacial time scales? Are times of major climatic change more prone to experience hydrological extremes than periods before and after the change? Does the relative direction of a climatic change play a significant role in occurrences of hydrological extremes?
Occurrences of extreme floods in the middle latitudes often follow large volcanic eruptions in tropical latitudes as occurred in the early 1880s and in the early 1990s. What is the role of large volcanic eruptions in influencing hydrological extremes?
Because different flood generating processes operate in different regions, as for example, snow melt, localized convectional rainfall, frontal rainfall, extreme monsoonal rainfall, etc., local and regional responses to global climatic change obviously vary. While long historical flood records from the Nile and certain Chinese rivers are extremely helpful, the real need is to expand the proxy flood record to environmentally sensitive regions. Because flood generation processes are understood, and because of the large regional scale nature of atmospheric and oceanic circulation regimes, long-term proxy flood records from strategic regions would provide important advances in understanding how the magnitudes and frequencies of specific types of circulation regimes responsible for extreme hydrological events varied during past global environmental changes. In turn, these understandings are useful for prediction of possible hydrological consequences related to potential future environmental changes.
It is important to determine whether the isotopic methods of palaeoenvironmental reconstructions that have worked so well in marine and ice-core records can also be applied with similar success to define better past occurrences of extreme hydrological events in continental fluvial deposits. The parallel trends in palaeo-isotopic ratios and palaeo-flood indices described above for the midwestern USA suggest that isotopic data might be calibrated to provide useful proxies of high amplitude short term hydrological variability. More study is needed to define the limitations and constraints in the applications of isotopic data to studying extreme hydrological events. These limitations should be considered in the context of environment type (humid, arid, polar, tropical) and in the context of time scale (event basis, seasonality effects, and accumulated departures from the mean).
Hydrology and water resources specialists also need better definition of how well extreme hydrological events may be deciphered from various forms of palaeo-data. There is a strong need to better articulate how palaeo-data in the fossil record can be applied for reconstructing flood parameters such as: peak stage, runoff volume, event duration, and flood recurrence frequencies. Similar needs occur for the application of palaeo-data in the fossil record for the study of droughts. Particular attention should be given to defining the confidence limits of such methodology, including evaluations of the credibility and accuracy of findings. Attention also should be given to define better the limits of temporal discrimination and spatial transferability associated with various types of hydrological palaeo-data. Finally, there is a strong need to integrate the instrumental hydrological records with proxy palaeo-data. These integrations could greatly improve the quantification of proxy hydrological palaeo-data. In turn, better quantitative evaluations of extreme hydrological responses to past environmental changes will lead to improved methodology for predicting extreme hydrological responses to potential future environmental changes.
